Low-temperature Interconnection of PVD-Aluminium Metallization  by Geipel, Torsten et al.
1876-6102 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of the Metallization Workshop 2016
doi: 10.1016/j.egypro.2016.10.088 
 Energy Procedia  98 ( 2016 )  125 – 135 
ScienceDirect
6th Workshop on Metallization and Interconnection for Crystalline Silicon Solar Cells, 2016
Low-temperature interconnection of PVD-Aluminium metallization
Torsten Geipela,∗, Julia Kumma, Monja Moellerb, Laurent Kroelya, Achim Krafta, Ulrich
Eitnera, Andreas Wolfa, Zhenhao Zhangc, Peter Wohlfahrtc
aFraunhofer Institute for Solar Energy Systems ISE, Heidenhofstrasse 2, 79110 Freiburg, Germany
bChristian-Albrechts-University Kiel, Christian-Albrechts-Platz 4, 24118 Kiel, Germany
cSingulus Technologies AG, Hanauer Landstrasse 103, 63796 Kahl am Main, Germany
Abstract
Aluminium, thermally evaporated with physical vapor deposition (PVD), is considered a cost eﬃcient rear metallization for
crystalline silicon heterojunction or tunnel oxide passivated solar cells. Owing to the temperature-sensitivity of the solar cell structure,
potential routes of low temperature interconnection methods for PV module integration are assessed. Textured wafers with a full area
2 μm PVD-Al metallization are divided into two groups: The ﬁrst is capped with sputtered 100 nm Ti and 400 nm Ag for testing
solderability. The second is capped with 400 nm Ag for electrically conductive adhesive (ECA) interconnection. Low temperature
soldering with Sn43Bi57 and Sn41Bi57Ag2 coated ribbons and ribbon interconnection with two ECAs are evaluated in terms of
peel strength, contact resistivity and accelerated aging properties. It is found that peel strength of soldered interconnections on the
Al/Ti/Ag achieve between 1.5Nmm−1 to 2Nmm−1 whereas glued interconnections on Al/Ag between 0.5Nmm−1 to 1Nmm−1.
The contact resistivity is 2.6 × 10−3 mΩ cm2 to 3.6 × 10−3 mΩ cm2 for both interconnection technologies. Soldered samples show
a stable contact resistivity when tested in 1000 h in damp heat conditions or 200 thermal cycles. The contact resistivity of glued
interconnections increases to 1mΩ cm2 to 10mΩ cm2 along with an observed disintegration of the Al-layer and an ablation of the
Ag-capping from the Al-layer.
c© 2016 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the organizing committee of the Metallization Workshop 2016.
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1. Motivation and goals
A mono-facial, wafer-based 6” solar cell technology comprising an amorphous silicon/crystalline silicon hetero-
junction [1] and/or tunnel oxide passivation [2] and a full area, thermally evaporated aluminium metallization deposited
on the rear side [3] with an eﬃciency potential of more than 25% is presently under development. For PV module
integration this cell concept demands an interconnection technology with process temperatures below 200 ◦C that
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achieves highly conductive and mechanically strong bonds. Furthermore, they have to be reliable and long-term stable
during outdoor exposure of the PV module and accelerated aging tests.
It is, however, very challenging to achieve proper electrical interconnections on Al due to the presence of an
insulating native oxide layer that prevents common solders or ECAs from wetting and interacting with the Al base
material. Thus, several approaches have previously been developed to tackle this problem [4, 5, 6, 7]. One of the
possible solutions is the formation of a solderable stack, consisting of 100 nm TiN, 20 nm Ti and 150 nm Ag on top of
the 2 μm Al metallization [8]. The use of TiN is to prevent Al diﬀusion through the stack during thermal annealing
for 1min to 10min at 300 ◦C to 350 ◦C, which would else deteriorate solderability on the stack. Thermal annealing
is necessary to achieve suﬃciently low contact resistivity of Al to Si [9]. The Ti-layer promotes adhesion of Ag to
TiN. Solderability and electrical stability during accelerated aging tests have been demonstrated using standard ribbon
soldering technology with Sn62Pb36Ag2 solder coatings [8].
The goals of our work are to demonstrate the capability to interconnect this type of metallization with alternative,
low-temperature interconnection methods. We chose to evaluate ribbon soldering with Sn43Bi57, Sn41Bi57Ag2, as
well as ECA ribbon interconnection. Since the above mentioned solar cell concept requires process temperatures below
200 ◦C, the TiN diﬀusion barrier is omitted. Thus, the viability of a further simpliﬁcation of the metallization stack is to
be investigated.
Nomenclature
dn n+1 Distance between adjacent terminals of contact resistance samples
In n+1 Current through terminals n and n + 1
l Contact length
m Slope of the linear ﬁt of front resistances over the distances between the terminals
n Terminal n of the contact resistance sample
Re, n n+1 End resistance between terminals n and n + 1
Re Mean end resistance of all individual end resistance values
Rf, n n+1 Front resistance between terminals n and n + 1
Rsh Sheet resistance of the metallization
ρc Speciﬁc contact resistance (contact resistivity)
Vn n+1 Voltage between terminals n and n + 1
Vn+1 n+2 Voltage between terminals n + 1 and n + 2
w Contact width
2. Experimental
2.1. Approach
Textured and metallized wafers are subject to a sequence of interconnection tests.
1. 90◦ peel tests to evaluate the mechanical strength of the interconnection
2. Contact resistivity measurements to evaluate the electrical properties of the contact using the contact end resistance
method [10]
3. Accelerated aging tests (damp heat 1000 and thermal cycling 200) to assess the long-term stability of the
interconnection in laminates
Two diﬀerent technological routes are investigated: Ribbon soldering with Sn43Bi57 and Sn41Bi57Ag2 solder
alloy coatings and conductive glueing with two kinds of ECA. The results of the test sequence are used to compare the
two interconnection approaches with regard to their feasibility to interconnect PVD-Al.
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Fig. 1. (a) Structure of the metallization stack used for soldering. (b) Structure of the metallization stack used for conductive glueing.
2.2. Materials and Methods
2.2.1. Metallized wafers
The base substrates are textured, mono-crystalline wafers with a sputtered, Al-doped ZnO layer with a thickness
of 100 nm. The wafers are metallized on one side with 2 μm thermally evaporated Al by a PVD process. The group
of wafers intended for soldering is complemented with a 100 nm Ti layer, that promotes the adhesion of Ag and Al.
The Ti layer is omitted for the group of glued interconnections because the use of an additional adhesion promoter is
not regarded as mandatory in this case. All wafers are eventually capped with 400 nm Ag as a solderable and glueable
material. Fig. 1 depicts the two metallization stacks used in this evaluation.
2.2.2. Solders and conductive adhesives
Sn43Bi57 and Sn41Bi57Ag2 are quasi-eutectic solder compositions with a melting temperature of 139 ◦C. Ternary
Bi-Sn-Ag phases with a melting temperature of 190 ◦C – 270 ◦C when using Ag-containing Sn-Bi-solders are reported
in ref. [11], but they are not observed as being of practical relevance in this work. The melting temperature of
these bismuth-based solders is signiﬁcantly lower than standard solders Sn60Pb40 or Sn62Pb36Ag2 which have a
melting temperature of 183 ◦C and 179 ◦C, respectively. Therefore those bismuth-based solders can be processed at a
temperature below 200 ◦C. Previous studies have already indicated the usefulness of bismuth-based solders for low
thermo-mechanical stress interconnections within PV modules [12].
The interconnector ribbons used possess a Cu core with a width of 1.5mm, a thickness of 0.18mm and a solder
alloy coating with a thickness of 15 μm to 20 μm. Sn62Pb36Ag2 coated ribbons with a slightly thicker core of 0.2mm
but otherwise same dimensions are used as reference.
The tested ECAs possess isotropic conduction properties and are provided as a one component paste in frozen
conditions. Micrometer-sized metallic particles are dispersed in an adhesive matrix. Due to polymer shrinkage
during the cure process, the particles achieve close contact that enables the formation of a conducting network within
the volume of the material. The use of ECAs for PV module manufacturing is described in numerous publications
[13, 14, 15, 16, 17, 18, 19].
Both ECAs used in this investigation are epoxy-based materials that cure within 120 s at 180 ◦C. The ECAs are
silver-reduced materials by either a low total ﬁller content close to the percolation threshold, or by replacing part of the
silver by alternative metals.
2.2.3. Sample preparation
The interconnection of the metallized wafers is implemented using a semi-automated soldering station based on
contact soldering as seen in Fig. 2a. The station comprises a heating chuck, and three rows of soldering tips with
twelve tips per row above. The temperature of chuck and the row of soldering tips is controllable as well as the time of
tip contact to the wafer and time of down-holding while the solder solidiﬁes. Positioning of the ribbons, as well as
introduction and removal of the solar cell on the chuck is done manually. Before soldering Kester 952S ﬂux is applied
on the ribbon. The process conditions are given in Table 1.
The adhesive is manually stencil printed using a stainless steel mask with a thickness of 100 μm. The opening for
the adhesive track is 0.5mm wide. Curing takes place directly after the printing process using the soldering platform
with adjusted parameters. Temperature measurements using a thermocouple attached to a solar cell and ribbon that are
positioned on the chuck underneath the lowered tips and down-holders show an actual temperature of 180 ◦C when the
set parameters are as given in Table 1. Examples of the resulting interconnections with ECA on a metallized wafer are
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Fig. 2. (a) Semi-automatic soldering station. (b) Glued interconnections on metallized wafer surface. Glue B shows more ”resin bleed” around the
interconnections due to capillary ﬂow of liquid adhesive components on the textured wafer during application and curing.
Table 1. Processing conditions
Sn43Bi57 and Sn41Bi57Ag2 Glue A and B
set temperature of soldering tips [◦C] 200 230
set temperature of heating chuck [◦C] 135 150
soldering time [s] 1.2 120
down-holding time [s] 4 –
shown in Fig. 2b. Note the increased ”resin bleed” around the interconnnections with glue B, which is due to capillary
ﬂow of liquid glue components on top of the textured surface [13, 20].
2.2.4. Peel test
The mechanical strength of the interconnection is assessed by a peel test according to DIN EN 50461 [21]. The
interconnected wafer is glued to a metal sheet before the peel test, which promotes rigidity of the substrate and prevents
silicon tearing if peel strength is high. Then, the specimen is mounted into a Zwick/Roell tensile testing machine to
allow a 90◦ peeling angle (Fig. 3a). The crosshead speed is 50mmmin−1. The force is recorded over the interconnected
distance and normalized to the width of the interconnection. The mean and standard deviation are calculated with all
individual data points, but beginning and ending of the peel test is discarded from the evaluation. A peel strength of
1 N/mm is deemed necessary according to DIN EN 50461, explicitly for soldered interconnections.
The peel tests for the ECAs are done with interconnector ribbons having diﬀerent coatings. The standard coating is
pure Ag with a thickness of below 1 μm, but also pure Sn with a thickness of 1 μm and the sole Cu-ribbons without a
coating are evaluated.
2.2.5. Contact resistivity measurement
Contact resistivity measurements are based on the contact end resistance method [10]. The ribbons are, ﬁrst,
attached perpendicularly to smaller pieces of the metallized wafer (50mm × 10mm) in successively increasing distance
such as shown in Fig. 3b. Between the terminal n and n + 1 the front resistance Rf, n n+1 is deﬁned as
Rf, n n+1 =
Vn n+1
In n+1
(1)
The end resistance Re, n n+1 between terminal n and n + 1 is
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Fig. 3. (a) Soldered and glued samples mounted on a tensile testing machine for peel testing. (b) Contact resistance test specimen with dimensioning.
Re, n n+1 =
Vn+1 n+2
In n+1
(2)
with Vn n+1 being the voltage drop over terminals n and n + 1, Vn+1 n+2 the voltage drop over terminals n + 1 and
n + 2, and In n+1 the current forced through terminals n and n + 1. Averaging over all Re, n n+1 gives a single Re.
The linear ﬁt of Rf, n n+1 over dn n+1 (distance between terminals n and n + 1) yields a straight line with the slope m.
Furthermore, m is used to calculate the sheet resistance of the metallization Rsh with
Rsh = m · w (3)
where w denotes the width of the contact.
Finally, the speciﬁc contact resistance (contact resistivity) ρc is obtained by ﬁnding the root of equation 4 iteratively.
Re =
√
Rshρc
w
1
sinh
(
l
√
Rsh
ρc
) (4)
l is the contact length (or ribbon width).
The contact resistivity has a negligible eﬀect on cell-to-module loss if ρc < 0.5mΩ cm2 [22].
2.2.6. Accelerated aging
Thermal aging is an important reliability test for soldered interconnections [23]. Thus, the soldered wafers are
isothermally aged in a furnace with nitrogen atmosphere at 100 ◦C in time steps from 15 h to 155 h. The interconnections
are peel tested after each time step.
The contact resistance structures are encapsulated into PV-module-like laminates using a microscope slide as a front
glass, two EVA sheets as buﬀer layers, a piece of TPT material as a back sheet, and a typical lamination cycle. The so
encapsulated samples are characterized with contact resistance measurements before and after environmental chamber
tests (damp heat 1000 h with 85 ◦C and 85% relative humidity, abbr. DH 1000 and thermal cycling 200 from −40 ◦C to
85 ◦C, abbr. TC 200) according to IEC 61215 [24].
Moreover, cross sections are prepared from selected laminates which are characterized with scanning electron
microscopy (SEM) and electron dispersive x-ray spectroscopy (EDX) [25].
3. Results
3.1. Peel tests
The peel strength of soldered and glued interconnections after the bonding process are shown in Fig. 4a and Fig. 4b.
For soldered interconnections a peel strength above 1Nmm−1 is achieved indicating a suﬃcient mechanical strength.
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Fig. 4. (a) Average peel strength of soldered interconnections on Al/Ti/Ag metallized wafers. (b) Average peel strength of glued interconnections on
Al/Ag metallized wafers. Error bars indicate the standard deviation of measured data points.
Sn62Pb36Ag2 standard solder coatings achieve a higher peel strength of 3.5Nmm−1 than Sn43Bi57 and Sn41Bi57Ag2
with 1.5Nmm−1 to 2.0Nmm−1. The fracture surface always indicates a cohesive failure within the solder.
The glued interconnections possess a peel strength of 0.5Nmm−1 to 1Nmm−1, which is lower than the solder bonds.
This is due to the generally lower toughness of polymer materials as compared to solder materials. Although necessary,
the excessive amount of ﬁllers in the polymer matrix further reduces the mechanical integrity of the adhesive material.
The peel strength of the glued interconnections is approximately equal regardless of the used ribbon coating. This result
highlights the potential to omit the ribbon coating when conductive adhesive bonding is used as an interconnection
method.
3.2. Contact resistivity
An important concern is, wether the low melting point solders retain a stable contact resistivity to the metallization
during a PV module lamination cycle, that takes place at ≈160 ◦C for 5min to 7min. It is actually observed that the
solder reﬂows due to its low melting point of 139 ◦C. Combined with the long exposition time, this may easily lead to
silver diﬀusion into the solder.
Fig. 5a shows the contact resistivity of soldered interconnections before and after the encapsulation process
along with the contact resistivity of glued interconnections after the encapsulation. The contact resistivity increases
slightly from 2.6 × 10−3 mΩ cm2 to 3.6 × 10−3 mΩ cm2 for the Sn43Bi57 solder bonds but remains stable between
3.3 × 10−3 mΩ cm2 to 3.6 × 10−3 mΩ cm2 for Sn41Bi57Ag2 solder joints. It can be concluded that the lamination cycle
and accompanied reﬂow of the solder has no detrimental impact on the electrical properties.
The glued interconnections achieve a contact resistivity of 2.7 × 10−3 mΩ cm2 to 3.0 × 10−3 mΩ cm2, which is equal
to soldered interconnections.
3.3. Accelerated aging
3.3.1. Thermal aging of soldered interconnections
The interconnections are thermally aged and the peel strength after each time step is depicted in Fig. 5b. The
peel strength remains constant during short term aging at 100 ◦C. Since this result is unexpected, additional SEM
investigations on cross sections in the initial state and after thermal treatment are made. Fig. 6a and Fig. 6b show
SEM images of cross sections of Sn41Bi57Ag2 soldered interconnections before and after thermal treatment of 155 h
at 115 ◦C, respectively. During the soldering process at least part of the Ag-capping of the wafer metallization is
transformed into an Ag3Sn intermetallic compound layer accompanied with structural changes from a relatively uniform
layer to a more jagged surface [26]. In the initial state it can be observed that the Ag/Ag3Sn-layer, resulting from the
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(a) (b)
Fig. 5. (a) Contact resistivity of soldered and glued interconnections. Error bars indicate the standard deviation over three to six samples. (b)
Progression of the peel strength of soldered interconnections on Al/Ti/Ag metallization during thermal aging at 100 ◦C. Error bars indicate the
standard deviation of the measured data points during the peel test.
soldering process, remains relatively uniform on top of the Ti intermediate layer. However, short term thermal aging
leads to clustering and eventually ablation of the Ag3Sn intermetallic. Additionally, the formation of a gap as a result of
the ablation process is observed. The spalling eﬀect of intermetallics oﬀ thin substrates is reported elsewhere [27].
3.3.2. Environmental chamber tests
The encapsulated contact resistance samples are exposed to environmental chamber tests. The progression of the
contact resistivity of the soldered and glued interconnections during DH 1000 and TC 200 is depicted in Fig. 7a
to Fig. 7d. The soldered interconnections show a stable contact resistivity during the ﬁrst round of environmental
chamber tests. For glue A, an increase in contact resistivity to ≈0.1mΩ cm2 is observed after TC 200, which is
below the threshold value of 0.5mΩ cm2. The contact resistivity of glue B is unaﬀected during TC 200. Contrarily to
soldered interconnections, a strong increase in contact resistivity to values between 1mΩ cm to 10mΩ cm for glued
interconnections on Al/Ag metallization becomes obvious, which would lead to signiﬁcant ﬁll factor losses in the PV
(a) (b)
Fig. 6. (a) SEM image of an Sn41Bi57Ag2 soldered interconnection in the initial condition. The white rectangle indicates the region of interest (ROI)
for the detailed view, however not exactly the same position. (b) SEM image of the same interconnection after thermal aging for 155 h at 115 ◦C.
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Fig. 7. Contact resistivity of encapsulated samples before and after environmental chamber tests. Error bars indicate the standard deviation of three
(after) to six (initial) samples. The data point marked with an ”x” in (c) indicates an individual outlier.
module.
In order to identify the root cause of the observed contact resistivity shift, SEM and EDX measurements before
and after the damp heat treatment are utilized. Fig. 8a shows a SEM image of an interconnection with glue B in the
initial conditions. It is notable that the Al and Ag-layer is relatively intact with only minor damage most probably
resulting from the cross sectioning and mechanical grinding procedure. The SEM image after damp heat aging in Fig.
8b, in contrast to that, points out the existence of an ablation of the Ag-capping from the Al-layer and, generally, a
disintegration of the Al-layer. Furthermore, EDX analysis shows the accumulation of oxygen in the Al-layer, which is
assumed to cause Al-corrosion.
4. Discussion
The focus of the discussion is the suitability of the low temperature interconnection methods in combination with
the respective metallization stack as a solution to interconnect PVD-Al.
The evaluation program brings to light that mechanical strength and electrical properties of the bonds are suﬃciently
good in the initial conditions regardless of the interconnection method used. Larger diﬀerences are observed during
the accelerated aging tests. The soldered interconnections are prone to intermetallic phase growth and, as a result,
the spalling of the metallization, which is seen in the investigation of cross sections before and after thermal aging.
However, these visible structural changes do not result in a signiﬁcant decrease of peel strength yet. Nonetheless, it
is likely that extended long term aging conditions result in earlier degradation of solder bonds on thin metallization
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(a) (b)
Fig. 8. (a) SEM image of the cross section of glued interconnection with glue B on Al/Ag metallization. (b) SEM image of the glued interconnection
after damp heat treatment and qualitative EDX elemental mappings.
(≈0.5 μm) as compared to interconnections on thick screen printed metallization of standard solar cells (15 μm to
20 μm).
From the degradation of the contact resistivity during damp heat tests of glued interconnections on Al/Ag-
metallized wafers it becomes obvious that the present metallization stack is not compatible with a conductive adhesive
interconnection. It has often been reported in the past that conductive adhesive interconnections are stable in damp heat
tests of more than 1000 h when used on regular screen-printed metallization, metal-wrap-through cell technology or
busbarless ribbon stringing approaches [28, 29, 19, 30, 17, 31]. Thus, we assume that the origin of the degradation is
rooted in the Al/Ag-metallization stack. In fact, it is observable from the SEM images before and after the test that the
degradation takes place in the metallization stack of the wafer instead of the adhesive layer. The Al-layer is largely
fractured and ﬁlled with oxygen that is assumed to cause oxidation of the layer into the dielectric aluminium oxide. The
oxygen may have diﬀused from the adhesive matrix through pinholes in the sputtered Ag-layer into the aluminium
where it ﬁlled cavities and grain boundaries.
Furthermore, according to an observed gap between Ag-capping and Al it is concluded that adhesion between those
two layers is not maintained during accelerated aging. It is therefore reasonable to discard the idea of eliminating the Ti
adhesion promoter for glued interconnections although initial adhesion may be suﬃcient. It is recommended to adjust
the metallization stack to foster adhesion of Ag to Al and to prevent oxygen diﬀusion into the aluminium layer. These
adjustments in the metallization stack for glued interconnections are addressed and evaluated in our future work.
5. Conclusion
The low temperature interconnection methods Sn43Bi57 and Sn41Bi57Ag2 soldering as well as conductive glueing
with two silver-reduced epoxies are evaluated for the use with a metallization stack on textured wafers. The metallization
consists of 2 μm thermally evaporated Al that is capped with 100 nm Ti and 400 nm Ag for soldered samples and with
400 nm Ag for glued samples. An evaluation program comprising of peel tests, contact resistivity measurements and
accelerated aging tests is undergone. The results are:
• Good initial peel strength (soldering: > 1Nmm−1, glueing: 0.5Nmm−1 to 1Nmm−1) and low contact resistivity
( 0.5mΩ cm2) is achieved regardless of the interconnection method used.
• Thermal aging of soldered interconnections can lead to spalling of the metallization, but decrease of peel strength
is not observed so far.
• Soldered interconnections possess stable contact resistivity during DH 1000 aging and TC 200.
• Glued interconnections on Al/Ag degrade to values ranging between 1mΩ cm2 to 10mΩ cm2 during DH 1000.
The electrical degradation is accompanied with a disintegration and oxygen enrichment of the Al layer.
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Sn43Bi57 and Sn41Bi57Ag2 low temperature soldering on the Al/Ti/Ag-stack is identiﬁed as a possible solution
to interconnect PVD-Al whereas conductive glueing on Al/Ag is not feasible presently due to a degradation of the
metallization and ablation of the Ag-capping from the Al. A modiﬁcation of the metallization stack is required.
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